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Katyal).Acetaldehyde and malondialdehyde react covalently with cellular proteins forming protein-mal-
ondialdehyde–acetaldehyde adducts thus modulating their biochemical functions. Alpha-2 macro-
globulin, an acute phase protein produced by liver binds to cytokines, growth factors and
neutralizes proteinases. In this study we examined the formation of MAA adducts of N-terminal
and bait region of mouse A2M and their effect on modulating its proteinase and TGF-b1 binding
activities. Adduct formation abrogated the binding of bait region with TGF-b1, trypsin, and elastase.
TGF-b1 induced NO production was also suppressed. Acetaldehyde and MDA adduction of A2M may
have physiological consequences in alcoholic patients.
Structured summary of protein interactions:
TGF Beta1 binds to A2M by enzyme linked immunosorbent assay (View interaction)
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Alcoholic hepatitis is the inﬂammatory response of hepatocytes
to ethanol-induced liver injury which can lead to the development
of ﬁbrosis and cirrhosis if ethanol abuse continues unabated. The
pathological mechanism of the temporal progression of alcoholic
hepatitis remains obscure. Ethanol is primarily oxidized in liver
and its oxidation yields acetaldehyde, a highly reactive metabolite.
Excessive ethanol consumption results in the enhanced oxidative
stress in tissues. The free radicals thus produced tend to oxidize
the lipid constituents of plasma and organelles’ membranes result-
ing in the production and accumulation of various reactive alde-
hydes such as malondialdehyde (MDA) and 4-hydroxynonenal.
Acetaldehyde and malondialdehyde can react covalently and syn-
ergistically with cellular proteins forming protein-MAA adducts
[1,2]. MAA-protein adduct is composed of two molecules of MDA
and one molecule of acetaldehyde and was identiﬁed as 4-
methyl-1,4-dihydropyridine-3,5-dicarbaldehyde (MDHDC) deriva-
tive of amino group [2]. Adduct formation alters with the normal
functioning of these proteins thus resulting in tissue remodeling
[3–5].chemical Societies. Published by E
, anju_katyal@yahoo.com (A.A2M is a 720-kDa homotetrameric broad spectrum protease
inhibitor found abundantly in extra cellular spaces and in plasma
(2–4 mg/ml) [6,7]. The tissue speciﬁc A2M synthesis, secretion as
well as uptake reﬂect a compartmentalized function which regu-
lates a spectrum of proteinases, cytokines and growth factors in ex-
tra cellular matrix [8]. It inhibits proteases from all four classes,
namely serine, cysteine, aspartate, and metal proteases [9]. The
cleavage of a peptide bond at the bait region of the A2M molecule
by a proteinase leads to a conformational change in A2M, resulting
in the caging of the proteinases making them unavailable for their
substrates [8]. Thus A2M has traditionally been viewed as plasma
and inﬂammatory ﬂuid proteinase scavenger. Recent evidences
have substantiated the ability of A2M to bind to a plethora of cyto-
kines and growth factors such as TNF-a, IL-1b, IL-2, IL-6 and TGF-b
[10] which play detrimental role in pathogenesis of alcoholic hep-
atitis. Webb et al. [11] have shown a 20 kDa peptide spanning the
bait region of human A2M which interacts with TGF-b1 and is able
to increase the NO production by RAW 264.7 cells by neutralizing
the TGF-b1 produced by these cells. A2M levels in plasma have
been positively correlated with ﬁbrosis of liver in alcoholic patients
[12]. Signiﬁcantly higher serum concentrations of A2M and its pro-
teinase complexes are associated with various other inﬂammatory
conditions like rheumatoid arthritis. The modiﬁcation of A2M with
MDA and acetaldehyde is a plausible feature of ethanolic stress
in vivo which has not been explored so far. Therefore in the presentlsevier B.V. All rights reserved.
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bait region of mouse alpha-2 macroglobulin and studied their
behavior as proteinase inhibitor and TGF-b carrier in vitro.
2. Materials and methods
2.1. Cloning, expression and puriﬁcation of proteins
The genes encoding exons 5 and 6 (A2M N) and exon 18 (A2M
B) of mouse alpha 2 macroglobulin were cloned and expressed in
bacterial expression vectors pQE-30a (Qiagen) and pET-28a (Nova-
gen), respectively. The expression of the His-tag fusion proteins
was induced by 0.1 mM IPTG (Sigma Aldrich). The A2M N fusion
protein was puriﬁed by gel ﬁltration chromatography using Sepha-
dex-G 50 resin (Sigma Aldrich) and A2M B fusion protein was puri-
ﬁed by afﬁnity chromatography using Ni-NTA sepharose (Qiagen).
2.2. Synthesis of MDA-Na salt
The MDA-Na salt was synthesized by treatment of tetrameth-
oxypropane (Sigma–Aldrich) with NaOH according to the method
described by Kikugawa and Ido [13].
2.3. Preparation of MAA-A2M N and MAA-A2M B adducts
Stable MAA adducts of puriﬁed A2M (N and B) were prepared
according to the protocol described by Tuma et al. [1]. Brieﬂy, solu-
tions of both the fusion proteins (1 mg/ml) were incubated with
1 mM acetaldehyde and 1 mM MDA in phosphate buffer (0.1 M,
pH 7.4) at 37 C for 3 days. Incubations were conducted in polypro-
pylene vessels that were sealed to minimize the loss due to volatil-
ity. The reactions were performed under nitrogen gas in the dark.
At the end of incubation, the reaction mixtures were exhaustively
dialyzed against phosphate buffer (0.1 M, pH 7.4) for 24 h at 4 C.
The formation of stable adducts was analyzed by ﬂuorescence
(excitation max at 398 nm and emission max at 462 nm) using
spectrophotoﬂuorimeter (LS-50, Perkin Elmer).
2.4. Binding of trypsin, elastase and TGF b1 with MAA-A2M (N & B)
Binding of A2M N, A2M B, MAA-A2M N and MAA-A2M B with
trypsin, elastase and TGF b1 was compared by Enzyme linked
Immunosorbant Assay (ELISA). Trypsin (150 nM), elastase
(150 nM) and TGF b1 (40 nM) (Sigma Aldrich) were coated in 96
well ELISA plate in Bicarbonate buffer (100 ll), pH-9.0. After incu-
bation for 1 h at 37 C the wells were washed thrice with phos-
phate-buffered saline containing 0.05% Tween-20 (PBS-T, pH-7.4),
saturated for 1 h with 3% BSA and washed three times with PBS-
T. A2M were added in the molar ratio of 0.5, 1, 2 and 3 for binding
with the proteinases except for TGF-b1 where we used only two
molar excess of A2M and incubated overnight at 4 C. After three
washings with PBS-T, anti-His Ab (Santacruz) (1:1000) was added
to each well for 1 h at 37 C. After three washings with PBS-T, sec-
ondary antibody, goat anti-rabbit-HRP (Santacruz) (1:12,000) was
added to each well for 1 h at 37 C and the interaction was assessed
by measuring the optical density at 495 nm.
2.5. Inhibition of trypsin activity by A2M (N and B) using BAPNA (N-a-
benzoyl-DL-arginine-p-nitroanilide) as substrate
The inhibition of activity of trypsin was measured by colorimet-
ric assay using BAPNA as substrate according to the method de-
scribed elsewhere [14]. Both the recombinant proteins (A2M N
and A2M B) along with their adducted (MAA-A2M N and MAA-
A2M B) counterparts were incubated in two different molar ratios(protein:trypsin, 0.5:1, 1:1) for 1 h at room temperature. After
incubation the rate of hydrolysis of BAPNA by trypsin was mea-
sured in activity buffer (50 mM TrisCl, pH 7.5 with 20 mM CaCl2)
at 410 nm. 10 mM TLCK (N-p-tosyl-L-lysine chloromethyl ketone)
was used as the positive control. The results were expressed as
the percentage of trypsin activity.
2.6. Effect of MAA-adducts of A2M B and A2M N on TGF-b induced NO
production by RAW 264.7 cells
NO synthesis by RAW 264.7 cells was quantitated by measuring
the stable NO oxidation product, nitrite, in conditioned culture
medium, as described previously [15,16]. Cells were plated at a
density of 104/well in 96-well plates and cultured ﬁrst in RPMI
1640 with 10% FBS for 24 h, subsequently in RPMI 1640 without
serum (SFM) for an additional 24 h. A2M N, A2M B, MAA-A2M N
or MAA-A2M B was added separately to the cultures in SFM. After
24 h, conditioned medium (100 ll) was aspirated and incubated
with Greiss reagent, and nitrite levels were measured.
3. Results and discussions
A2M is a well known carrier of proteinases and growth factors
and plays a regulatory role in modulating the microenvironment
in extracellular spaces especially during inﬂammation. The pres-
ence of basic amino acid residues like lysine makes it a target for
MDA and acetaldehyde, the key metabolites of ‘‘ethanol stress’’
in vivo. However the formation of MAA adducts of A2M and the
after effects it may have on the ‘‘scavenger’’ function of A2M has
not been explored. Therefore the bait region (exon 18) responsible
for covalent binding of proteinases and growth factors such as TGF-
b as well as the sub N terminal region (exons 5 and 6) were ex-
pressed and puriﬁed as recombinant proteins. The different frac-
tions containing the puriﬁed protein (A2M N and A2M B) were
analyzed on 15% and 12% SDS–PAGE, respectively (Fig. 1). The frac-
tions containing the single, clean band were pooled and used for
downstream experiments.
3.1. MAA hybrid adducts of A2M B and A2M N
The MAA adducts of A2M bait and N terminal region were con-
ﬁrmed by measuring the ﬂuorescence intensity (excitation 398 nm
and emission 462 nm) emitted by adducts as compared to unmod-
iﬁed controls (Fig. 2).
3.2. Binding of A2M with trypsin, elastase and TGF b1
The relative binding ability of A2M B and A2M N as compared to
MAA-A2M B and MAA-A2M N, respectively to trypsin, elastase and
TGF-b1 was evaluated. Unmodiﬁed A2M B showed signiﬁcant
binding with trypsin as well as elastase in a concentration depen-
dent manner (Fig. 3). The binding increased as the concentration of
A2M B was increased from 0.5 to 3 molar excess. But in contrast
A2M N did not show signiﬁcant binding at any concentration
tested. The binding of A2M B to elastase was more as compared
with trypsin. This may be because of the fact that trypsin is prone
to autolysis and therefore showed less binding at same concentra-
tion as elastase. TGF-b1 also showed signiﬁcant binding to A2M B
and not to A2M N (Fig. 5A). This observation is in line with a pre-
vious report where the authors have shown that a 20 kDa peptide
containing the bait region of human A2M was able to bind with
TGF-b1 in vitro [11]. A2M N again did not show signiﬁcant binding
with the growth factor. This binding of A2M B with proteinases and
growth factor was completely abrogated upon MAA-adduction as
MAA-A2M B did not show any interaction with any of the protein-
ases and TGF-b1. Proteinase binding to A2M is non-covalent as
Fig. 1. Expression and puriﬁcation proﬁle of recombinant proteins. (A) Schematic representation of mouse alpha-2 macroglobulin monomer. (B and C) SDS–PAGE showing
the puriﬁcation of A2M N (B) and A2M B (C).
Fig. 2. Preparation of MAA-A2M adducts with acetaldehyde and MDA. MAA-A2M adduct formation was conﬁrmed by measuring the ﬂuorescence with excitation maxima at
398 nm and emission maxima at 462 nm.
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MAA induced abrogation in the binding of A2M B with proteases
can be explained as the direct effect of MAA-adduction as lysine
residues serve the primary sites for MAA adduct formation. The
binding of TGF-b to A2M is initially non-covalent and reversible;
however, the complex can become covalently stabilized as a result
of thiol-disulﬁde exchange [20]. Webb et al. [20] have identiﬁed a16-amino acid stretch localized in the C-terminal of bait region of
alpha 2 macroglobulin which is responsible for the binding of A2M
with growth factor. However this stretch is rich in hydrophobic
amino acid residues, we speculate that the MAA-adducts at nearby
lysine residues may pose steric hinderance to the binding of bait
region of mouse A2M with TGF-b, as this region spans nine lysine
residues.
Fig. 3. Binding of A2M B and A2M N with trypsin and elastase. 0.5–3.0 molar excess of all the A2Ms were used to study the binding with 150 nM each of trypsin (A) and
elastase (B).
Fig. 4. Inhibition of trypsin activity by A2M. Modiﬁcation of A2M with MDA and acetaldehyde increased the inhibition of trypsin activity by A2M when used in half (A) and
equimolar ratio (B) with trypsin.
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Trypsin is a model proteinase which binds to A2M and remains
inactive when bind to A2M in the bait region. A2M N and A2M B
showed 75% inhibition of trypsin activity compared with the stan-
dard inhibitor TLCK (Fig. 4). MAA-A2M B adducts resulted in inhi-
bition of trypsin activity by 100%. The enhanced inhibition of
trypsin activity by MAA-A2M B might be due to the fact that tryp-Fig. 5. (A) Interaction of A2M with TGF-b1. Two molar excess of each of the four pr
signiﬁcantly reduced the binding of A2M B with TGF-b1 as shown by the marked decresin may not be able to recognize its substrate after MAA-adduct
formation at lysine and arginine residues. The previous work of
Rouach et al. [21] substantiate our ﬁnding wherein the authors
have shown that the aldehyde-adducted proteins did not appear
to be good proteolytic substrates for proteasome. They have re-
ported that modiﬁcation of BSA with acetaldehyde, MDA or both,
delayed the degradation of BSA by proteasome in vitro [21]. So at
this point of time we can propose that modiﬁcation of A2M withoteins was used to study the interaction with 40 nM of TGF-b1. MAA adduction
ase in NO production by RAW cells (B).
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proteases.
3.4. Effect of MAA-adducts of A2M B and A2M N on TGF-b induced NO
production by RAW 264.7 cells
A2M neutralizes endogenously synthesized and activated TGF-b
by RAW 264.7 cells, and thereby induces expression of inducible
nitric-oxide synthase [15]. Therefore in order to determine
whether A2M N or A2M B is capable of neutralizing TGF-b, we as-
sessed capabilities of these recombinant proteins to induce NO
production in RAW 264.7 cells-conditioned medium. Our results
show that A2M B signiﬁcantly increased NO production (Fig. 5B)
which is in accordance with the earlier report showing human
A2M bait region increased NO production in a concentration
dependent manner. We also observed the similar results where
unmodiﬁed A2M B triggered the signiﬁcant increase in NO produc-
tion by macrophages. This ability of A2M B to neutralize endoge-
nously produced TGF-b was abolished by MAA-A2M B. A2M N
was also able to increase the NO production though to a lesser ex-
tent as compared to A2M B and the increase was also abrogated by
MAA-A2M N.
4. Conclusion
Acetaldehyde and malondialdehyde are reported to actively
bind a variety of proteins, both in vitro and in vivo. The aldehyde
tags induce structural and conformational changes, acid–base
properties, and/or hydrogen-bonding patterns of amino acids on
the surface or within the active sites of proteins, thereby disrupting
their signature function. MAA-protein adducts are capable of
inducing a potent immunogenic response and possess pro-inﬂam-
matory and pro-ﬁbrogenic properties [3]. Although several lines of
previous investigations during the last two decades have focused
on the generation of MAA-adducts, it has turned out to be a great
challenge to explore the functional consequences of these alde-
hyde-induced modiﬁcations. A2M is predominantly produced in li-
ver and is one of the major acute phase serum proteins associated
with inﬂammatory response [17]. A2M–cytokine complexes are
believed to be a mechanism to regulate the bioavailability and
clearance of excessive cytokines during inﬂammation and wound
repair [18]. With 90 lysine residues in each subunit, A2M can be
a potent target of MAA-adduct formation which can modulate
the diverse activities possessed by A2M. From our results we can
propose that modiﬁcation of A2M with MDA and acetaldehyde
may prove detrimental during ethanolic stress as well as various
other pathological insults wherein oxidative stress plays major role
in the pathophysiology of the disease. However further studies
with the intact tetrameric A2M are required to know the detailed
mechanism.
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